In order to understand the nature of the neural loss in strabismic amblyopia, we have applied a technique which has been used in the normal periphery to psychophysically probe the sampling properties of the neuronal population. We ask whether there is a 'sampling' deficit and if so whether it is based on either an absolute loss of neurons (i.e. spatial undersampling) or an irregular arrangement of a normal number of neurons (i.e. irregular sampling). Our results suggest that neural pooling restricts the spatial frequency region where sampling considerations are important to a very small part of the visible high spatial frequency range. Within this limited region, irregular sampling rather than spatial undersampling is the greater contributor to the strabismic amblyope deficit.
Introduction
Our understanding of the nature of the neural deficit in amblyopia has developed as a result of a range of different psychophysical research over the past two decades. We now know that there is a contrast-dependent or detection deficit (Gstalder & Green, 1971; Hess & Howell, 1977; Levi & Harwerth, 1977) which is strongly dependent on spatial frequency and a contrastindependent deficit for position of well separated targets (Hess & Holliday, 1992; Demanins & Hess, 1996) and shape (Hess, Wang, Demanins, Wilson & Wilkinson, 1999) which is spatial scale invariant. For only the former deficit do we have an animal neurophysiological analogue (Eggers & Blakemore, 1978; Movshon, Eggers, Gizzi, Hendrickson, Kiorpes & Boothe, 1987) .
Two different explanations have been offered for the contrast-independent deficit in amblyopia; one involving less cells (i.e. spatial undersampling: Levi & Klein, 1996; Wang, Levi & Klein, 1998) and another involving a disordered spatial arrangement of cells (i.e. disarray: Hess, Campbell & Greenhalgh, 1978; Hess, 1982; Field & Hess, 1996) . To date three studies have argued against the spatial undersampling explanation (Hess & Anderson, 1993; Hess & Field, 1994; Barrett, Cox, Simmers & Gray, 1997) while another two studies have argued for it (Wang et al., 1998; Sharma, Levi & Coletta, 1997) . The evidence against spatial undersampling involves the lack of motion aliasing close to the acuity limit, the lack of a correlated contrast discrimination deficit and the lack of orientation uncertainty. The evidence for spatial undersampling involves the reduced 'sampling efficiency' for spatial uncertainty and small but significant orientation aliasing close to the acuity limit. There is clearly a need for further experimentation.
In this study we seek to better understand the nature of the neural deficit in amblyopia. We do this within a sampling framework. Sampling considerations cannot provide an explanation for the detection losses in am-blyopia, as these must be due to neural pooling. If sampling considerations are at all important then they must determine perception within the amblyope's spatial passband. Intuitively, one would expect their influence to be seen at least at high spatial frequencies. Our question is whether reduced performance in the high spatial frequency range, under normal viewing conditions, is due to spatial undersampling and whether this occurs within a regular or irregular sampling array. To address this issue we apply a technique that has been successfully applied to the visual periphery (Wang, 1996) to address similar kinds of sampling considerations. It involves a comparison of the psychometric functions for motion direction and orientation discrimination acuities and simple detection acuity. The stimulus is a drifting sinewave grating of variable spatial frequency. The difference between this approach and those that have been attempted in the past (e.g. Hess & Anderson, 1993 for motion or Sharma et al., 1997 and Barrett et al., 1997 for orientation) is that we simultaneously measure motion and orientation discrimination functions with more than just two different alternative choices. In our paradigm, the stimulus can be one of four different orientations drifting in one of eight different directions. Such a comparison is essential if one is to assess whether these losses are amenable to an explanation based on spatial undersampling 1 within a regular or irregular array. This becomes especially important when the sampling grid is not necessarily aligned with the stimulus (Wandell, 1995; . Wang (1996) modeled the neural sampling process of the visual system by computer sampling a high contrast drifting sinusoidal circular patch. The sample values were displayed as dots on a monochrome computer monitor and served as the visual stimulus in foveal psychophysical experiments. On each trial the grating was oriented in any of four possible orientations (4AFC) and drifted in any of the corresponding eight orthogonal directions, or counterphase flickered (9AFC). He investigated the effect of: (1) the relative orientation between the grating and the natural axes of the sampling lattice; and (2) the degree of irregularity in the array on the foveal psychometric functions of motion and orientation discrimination. Sampling irregularity was introduced by randomly displacing lattice points with Gaussian noise. When the sampling arrays were regular, the cutoff spatial frequencies for motion and orientation discrimination were the same. With the increase of sampling irregularity, the cutoff for orientation discrimination became higher than that for motion discrimination. A lack of motion reversal was observed even for regular sampling arrays. In this case the determining factor was the orientation of the grating relative to the principal axes of the sampling array. When the grating was parallel to one of the natural axes of the lattice, motion reversal was consistently observed. For other orientations, subjects reliably and consistently reported non-veridical motion, but in some direction other than the reversed direction. Adding irregularity decreased the incidence of motion reversal when the gratings were aligned with the lattice axes.
Thus, in the simple case of undersampling 2 where the orientation of a regular sampling grid is aligned with the stimulus, one would expect motion reversals for detectable stimuli close to the Nyquist limit due to aliasing. This is the case that has been previously considered in the literature. In the case of undersampling with a regular sampling grid whose orientation is misaligned with that of the stimulus one would expect to see non-veridical orientations, however orientational reversals would only occur for stimuli at twice the Nyquist limit. Where there is irregularity in the sampling grid (see discussion in Hess & Anderson, 1993) one would not expect to see clear 'reversals' for either motion or orientation although perceptions would be non-veridical (Wang, Thibos & Bradley, 1996) . Thus in the general case of spatial undersampling within a regular array both motion and orientation discrimination should be equally affected when the sampling density is reduced. If sampling is instead irregular then orientation discrimination will be less affected than motion discrimination Wang, 1996) .
In the case of an irregular array the Nyquist limit 3 is derived from a distribution and a grating stimulus close to the nominal Nyquist limit 4 will contain some local regions which are undersampled as well as regions that are oversampled. It is proposed that orientationally tuned mechanisms can take advantage of the veridical spatial information contained in the oversampled regions better than motion mechanisms can (see Section 4). In the special case where irregular sampling occurs without spatial undersampling within the mosaic as a whole, then one would not expect orientation discrimination acuity to be differentially affected (i.e. relative to simple detection) but one would expect to see motion acuity reduced beyond that of simple detection.
When detection acuity is higher than both the motion direction and orientation discrimination acuities, the acuity for motion direction discrimination is a good estimate of the Nyquist limit of either a regular or irregular sampling mosaic. The acuity for orientation discrimination relative to motion discriminination generally depends on the degree of sampling irregularity (Wang, 1996) . This leads to three simple predictions: 1. When the sampling array is regular, the acuity for orientation discrimination is close to the nominal Nyquist limit of the sampling array (Fig. 1A) , except for the aligned case. The ratio between detection and orientation acuities can be a measure of spatial undersampling or the zone of aliasing. 2. When the sampling array is irregular, the acuity for orientation discrimination can be much higher than the nominal Nyquist limit of the array. The ratio between these two acuities can be a measure of sampling irregularity. In the general case, where there is also a loss of samples, the amount of spatial undersampling by this irregular array can be quantified by determining the ratio between detection and orientation acuities (Fig. 1B) . 3. A simple neural pooling model would predict a similar loss for all three acuity measures (Fig. 1C) . These different predictions as outlined in Fig. 1 form the rationale of the present investigation.
Our results show that there is not just a unitary pattern of response in strabismic amblyopia. In all eight subjects tested there is evidence for neural pooling. Neural pooling appears to be limiting the range of detectable spatial frequencies under normal viewing conditions. In cases where sampling considerations are important (four subjects), the sampling is irregular in most (three subjects) while regular sampling was found in only one subject (however, see an alternate interpretation in Section 4).
Methods

Subjects
The clinical details of the eight strabismic subjects are given in Table 1 . We verified that subjects were fully corrected and that optical clarity was not limited by any internal neural pooling by carrying out objective refractions. All experiments were performed monocularly (amblyopic eye viewing, dominant eye occluded) with natural pupils.
Apparatus and stimulus
Stimuli were generated by a PowerMac 7100/80 and briefly displayed (0.75 s) on an Apple computer screen (frame rate of 75 Hz) circularly masked down to a diameter of 2.5°at 5 m. The edges of the stimulus were diffused 0.5°such that maximum contrast was across a diameter of 1.5°. This annulus transition zone attenuated the contrast of the edge linearly, spatially ramping the stimulus. The stimulus was also temporally ramped, including an initial 0.125 s period in which the stimulus contrast was linearly ramped from 0% (i.e. a uniform field) up to 80%, followed by a 0.5 s period of fixed contrast (80%), and then a final 0.125 s period in which the contrast was linearly ramped back down to 0%. The mean screen luminance was 35 cd/m 2 . Sinewave gratings were generated digitally in MAT-LAB (MathWorks, Inc.) and drawn on the screen by using the Psychophysics Toolbox (Brainard, 1997) which provides high level access to the C-language VideoToolbox (Pelli, 1997) . The drifting of gratings was realized by rotating color look-up tables.
Psychophysical procedure
A nine-alternative forced choice experiment (9AFC) with eight cardinal direction choices (temporal frequency of 8 Hz): left, right (vertical grating), up, down (horizontal grating), upleft, downright (a 45°oblique grating), downleft, upright (135°oblique grating) and a stationary grating flickering at 8 Hz or a 'no motion' option was used to investigate non-veridical motion and spatial perception. The subject's task was first to detect which interval contained the grating (2AFC), the second decision was to discriminate the orientation of the grating (4AFC) and lastly to discriminate the direction of motion (9AFC; eight cardinal directions and a 'no motion' option). Thus simultaneous estimates for the detection, orientation and motion of the grating were obtained. Five spatial frequencies were chosen which spanned the amblyopic eye's stimulus detection range (from perfect to chance performance) and within a given session, these spatial frequencies were randomly interleaved. Experimental sessions were in blocks of ten trials per motion condition (90 trials total) and the psychometric functions generated consisted of at least five estimates. No feedback was provided as to the correctness of a subject's responses. For each subject, psychometric functions for detection (2AFC), orientation discrimination (4AFC) and motion direction discrimination (9AFC) were plotted as percent report as a function of the spatial frequency of the grating. The cutoff or acuity for these functions was quantified by the spatial frequency at which percent correct performance was 4/5 of the way between perfect and chance. This corresponds to 90% correct for detection (2AFC), 85% correct for orientation and 82.2% correct for motion (9AFC).
Results
Our results do not conform to a unitary behavior. We have therefore chosen three subjects' results (BB, BC & VE) that span the range of variability to describe in detail. Group data are presented later in graphic and tabular forms. The psychometric functions for motion, orientation and detection are plotted for three subjects, BB, BC and VE as percent correct responses for the motion, orientation and interval containing a sinusoidal grating drifting or flickering at 8 Hz. The results have been collapsed across orientations of horizontal (0°), vertical (90°) and the obliques (45 and 135°). The collapsing of data proceeded only after verification that no significant difference existed between the estimates for the two opposite directions of motion per orientation.
The results of subject BB, a pure strabismic amblyope, in Fig. 2 , demonstrate a greater motion discrimination deficit compared to orientation and detection psychometric functions which are coincident for all orientations. As veridical motion perception falls, the primary percept is 'no motion' as demonstrated by the increase in the report of this option (filled squares). This type of behavior was found across most of the orientations in three of the eight subjects, all of whom were pure strabismics (BB, data shown, SB and JL). In all cases the deficit in motion discrimination performance coincided with increased reports of 'no motion detected' while the orientation of the grating could still be identified.
The results of subject BC, a mixed amblyope, is the only example we found of a subject who for a given orientation demonstrates a separation between the orientation and detection psychometric functions. This occurs for vertical (Fig. 3b ) and 45°oblique gratings (Fig. 3c) . In these instances the orientation discrimination function is coincident with the motion direction function as opposed to the detection psychometric performance.
The results of subject VE, another mixed amblyope, demonstrates how for all orientations the psychometric functions tend to be coincident for motion, orientation and detection (Fig. 4) . This is the case for a majority of the orientations in the remaining four subjects, namely VE (results shown), CT, MD and OA, all of whom are mixed amblyopes.
Direct comparisons of the psychometric functions in data Figs. 2-4 must be made with caution however because the functions represent the results where chance level is not at equivalent points. In the measurement of acuities and subsequent analysis, this has been taken into account, it is defined as 4/5 of the way between perfect and chance performance for the psychometric functions of motion (82.2% correct), orientation (85% correct) and detection (90% correct).
Taken together our results demonstrate that detection deficits greatly limit the range of spatial frequencies over which a sampling explanation can be advanced for amblyopic performance. In an effort to quantify the contribution of spatial undersampling and/or irregular sampling, the orientation discrimination psychometric function was used to dissect the range of spatial frequencies into a zone subject to spatial undersampling (i.e. an aliasing zone) and a zone subject to irregular sampling (see Fig. 1B ). For example, if orientation discrimination is the same as that for motion but much reduced to that of detection (Fig. 1A) , there is spatial undersampling within a regular array. If orientation discrimination is much better than motion but reduced compared with detection, there is spatial undersampling within an irregular array (Fig. 1B) . On the other hand, if orientation discrimination is the same as detection but much better than motion, there is sampling irregularity without spatial undersampling (special case of Fig. 1B) . Thus a ratio of the orientation to motion acuities tags the zone of irregular sampling while the detection to orientation acuities tags the zone of spatial undersampling. Table 2 shows the acuities, defined as 4/5 of the way between perfect and chance performance, for the psychometric functions of motion (82.2% correct), orientation (85% correct) and detection (90% correct), as well as the corresponding ratios. Fig. 5 depicts the ratios as regions of irregular sampling versus spatial undersampling. The line depicts the prediction for an equal contribution of these within the region amenable to a sampling framework. The dashed region depicts the zone of irregular sampling versus spatial undersampling for the normal periphery (from Wang, 1996) . The preponderance of data in the region of irregular sampling (IRR in Fig. 5B ) for our strabismic subjects demonstrates that, under normal viewing conditions, within the narrow range of spatial frequencies subject to a sampling-based explanation, there is an irregular arrangement of a normal number of neurons. There is not an overall loss of samples (spatial undersampling), especially when compared with the data from the normal periphery (Wang, 1996) .
Discussion
Strabismic amblyopes exhibit deficits for both detection and for positional measures. There are currently two different explanations for a positional deficit; spatial undersampling and neural disarray. If we assume that 'neural disarray' is due to irregular sampling (see below for alternate explanation) then both explanations can be encompassed under the same sampling framework. Spatial undersampling relates to less samples within a regular or irregular array whereas irregular sampling refers to a spatial disorder without a loss of samples. This in turn leads one to ask just how important are 'sampling' explanations for understanding the performance deficits of strabismic amblyopes. Since both explanations predict no detection deficit they can not form a basis from which to explain the detection deficits observed in amblyopia. This must be due to neural pooling. However there is still a possibility that within the visible high spatial frequency range that a sampling anomaly of one kind or another could play a role. It is this that we have investigated in the present study. Our results suggest that sampling considerations may be important within a very limited range of high spatial frequencies just within the detection acuity limit of amblyopic eyes. Although there is some variability, sampling irregularity rather than spatial undersampling is the major contributor within this limited spatial frequency region.
Unlike previous studies which measure either motion (Hess & Anderson, 1993) or orientation performance (Barrett et al., 1997; Sharma et al., 1997) , the method we have chosen to address this issue is based on the notion that a motion and orientation discrimination measurement is necessary to disambiguate the contribution of spatial undersampling from irregular sampling of a normal population of cells. This is because one expects regular sampling of a stimulus that is beyond the Nyquist limit of the amblyopic visual system to demonstrate impaired motion and orientation discrimination psychometric functions whereas when irregularity, i.e. inhomogenous sampling, is introduced, the orientation discrimination of a supra-Nyquist grating is consistently better than its motion discrimination (Wang, 1996) . Why would this be so?
An irregular sampling array has a nominal Nyquist limit, as determined by the average spacing of the neurons. This implies that a stimulus that is close to this nominal Nyquist limit will contain local areas that are undersampled and other areas that are oversampled. The regions of the grating that are oversampled will be veridical in their orientation (spatially narrowband) whereas the undersampled regions will contain aliased frequencies scattered into broadband noise (Yellott, 1983) . A stable percept of a veridical grating on a noisy background is the result. Wang (1996) has proposed that this may be the reason that orientation discrimination is still possible even when the stimulus is perceptibly aliased (Williams & Coletta, 1987; Coletta, Williams & Tiana, 1990) . Motion discrimination of a grating stimulus close to the nominal Nyquist limit of this sampling array contains motion directions which are veridical and non-veridical. In the presence of various motion direction components locally, the apparent direction depends on integrating these signals. Much like the motion direction of a moving plaid with two frequency components is determined by the direction of its components (Adelson & Movshon, 1982; Welch, 1989) , the motion direction of the oversampled regions cannot be considered in isolation of the various directions resulting from the aliased, undersampled regions. The apparent motion of a single drifting grating close to or beyond the nominal Nyquist limit may not be the same as the stimulus direction but depends on the components generated by the undersampled regions. 1.4 1.2 9.3 9.4 9.4 1.0 VE 1.0 a Acuity is defined here as the spatial frequency that elicits a 82.2% correct response for motion, 85% for orientation and 90% for detection (the value 4/5 of the way between perfect and chance performance). Opposite directions that were not statistically different for a given orientation were combined, else the acuities were reported for the separate directions. deg, degrees; UR, upright; DL, downleft.
b Measurements where the psychometric functions were overlapping and thus limited by the detection acuity.
Our approach is to simultaneously measure the detection (2AFC; one of two intervals), orientation (4AFC; vertical, horizontal and the obliques) and motion (9AFC; eight cardinal directions and flicker at 8 Hz) discrimination psychometric functions to ascertain the nature of the limits to visual processing in strabismic amblyopia.
Our results demonstrate that for four subjects, VE (see Fig. 4 ), CT, MD and OA, neural pooling is the most important factor since all psychometric functions are coincident. For the remaining four subjects, BB, BC, SB and JL, detection psychometric functions were above the motion discrimination psychometric function which determines the sampling limit of the amblyopic visual system. Thus for all these subjects there is a narrow region of spatial frequencies for which sampling considerations may be relevant. Here the question is whether these spatial frequencies are being spatially undersampled and/or simply irregularly sampled by the neural mosaic.
The answer lies in where the orientation discrimination function lies within this region. If it lies close to the motion discrimination function, then by our reasoning, spatial undersampling by a regular array is the correct explanation (see Fig. 1A ). This occurs for one of our subjects, BC (see Fig. 3 ). In this case, the benefit of using different orientations becomes evident. The lack of motion reversals as evidenced by a 2AFC direction discrimination psychometric function not falling below chance or 50% by Hess and Anderson (1993) is on its own insufficient evidence against spatial undersampling in amblyopia. In a sampling computer simulation experiment, Wang (1996) noted that motion reversals only occur as a special case of regularly sampling a supra-Nyquist grating, i.e. when the array and grating orientations are the same. For subject BC, none of the orientations appear to give consistent motion reversals and thus none of the chosen orientations were aligned with the actual orientation of the neural array setting the sampling limit. However what can be noted is that there is a greater proportion of motion reversals and veridical orientation discrimination initially for the horizontal and 135°oblique gratings compared to the vertical and 45°oblique. Thus we can hypothesize that the orientation of the regular neural mosaic lies somewhere between 135 and 0/180°. Another interesting finding is the presence of orientation reversals at a 90°o rientation. Given that this only consistently occurs for a vertical grating it provides further evidence that this subject has a regular sampling mosaic and exhibits spatial undersampling. Note however the very limited spatial frequency range over which this explanation holds.
The remaining three subjects, who are pure strabismics, BB (see Fig. 2 ), SB, and JL all demonstrated an orientation discrimination function that was coincident with the detection psychometric function or where the major contribution was irregular sampling rather than spatial undersampling. In these instances the orientation discrimination function is contrast (presumably neural pooling) limited and not sampling limited. For this group the primary percept across the different orientations were reports of 'no motion'. This has been reported previously and found not to be related to any fixation anomalies that are also found in strabismus (Hess & Anderson, 1993) . When this occurs, the orientation of the grating is often still 100% correct and thus this is not the same as what is reported as a motion 'null' or a cessation of motion prior to the perception of motion reversals (Anderson & Hess, 1990; Coletta et al., 1990) . If there had been spatial undersampling one would have also expected non-veridical orientation perceptions. The explanation here is that the sampling is irregular. Note however the limited spatial frequency range to which this explanation applies.
Thus it would seem that sampling considerations early in visual processing have limited utility in strabismic amblyopia. They are only relevant within a restricted high spatial frequency range just within the detection acuity deficit. Within this region, performance can be better explained by an irregularity in sampling rather than overall loss of samples. Thus even within this 'sampling range', the number of neurons may not be reduced in strabismic amblyopia. In both cat and monkey strabismic models, the presence of amblyopia does not necessarily imply a loss of neurons driven by the deviated eye. Substantial amblyopia can be present with (in cat: Ikeda & Tremain, 1977; Kalil, Spear & Langsetmo, 1984; in monkey: Baker, Grigg & von Noorden, 1974; Crawford & von Noorden, 1979; Wiesel, 1982; Fenstemaker, George, Kiorpes & Movshon, 1997) or without (in cat: Singer, von Grunau & Rauschecker, 1980; Van Sluyters & Levitt, 1980; Chino, Shansky, Jankowski & Banser, 1983; Crewther & Crewther, 1990; in monkey: Kiorpes, Kiper, O'Keefe, Cavanaugh & Movshon, 1998) a shift in cortical eye dominance. For eight strabismic subjects, the ratios quantifying the regions due spatial undersampling (i.e. loss of samples within a regular or irregular array) or an irregular arrangement of a normal number of neurons (i.e. irregular sampling). The dashed region is the area of ratios for the normal periphery (20-40°nasal visual field, vertical gratings, three subjects: from Wang, 1996) . (B) Regions of neural pooling and sampling used in interpreting data of orientation/ motion versus detection/orientation acuity ratios. NP, neural pooling; IRR an irregular sampling array (orientation discrimination is detection [i.e. neural pooling] limited); SU-IRR, spatial undersampling by an irregular array; SU-REG, spatial undersampling by an regular array, the axes of which does not align with the grating orientation.
An alternate interpretation.
We are left wondering what could account for the performance deficits (e.g. positional insensitivity) of amblyopes for stimuli outside this limited range where sampling considerations apply. For well separated targets, this encompasses most of the visible spatial frequency range (Hess & Holliday, 1992; Demanins & Hess, 1996) . One possibility is that the sampling array is itself unchanged but the input connections are disarrayed. Such an explanation would not fall within a sampling framework (see Hess et al., 1978; Hess, Field & Watt, 1990 ) and could provide an explanation for the scale-invariant nature of the positional (Hess & Holliday, 1992; Demanins & Hess, 1996) and global shape losses (Hess et al., 1999) in strabismic amblyopia. Furthermore the results of BB, SB and JL could also be explained in these terms. The differences observed for these subjects in the discrimination of motion and orientation in the upper spatial frequency range would be a consequence of the site of the disarray occurring after the formation of orientation selectivity but before local motion measures have been integrated.
Recently, there has been a proposal that stimuli may be 'underrepresented at a stage of feature integration' (scale invariant and nonlinear) causing pattern discrimination to be poorer in strabismic amblyopia (Levi, Sharma & Shen, 1997; Wang et al., 1998) . In this case one may expect to find a deficit in the orientation discrimination task, which we found for one subject (BC). Non-contrast, spatial frequency dependent orientation discrimination deficits have been reported in strabismic amblyopia (Skottun, Bradley & Freeman, 1986) . The 4AFC task used here, where orientation differences are no less than 45°are likely too crude a measurement to uncover these deficits in orientation discrimination. In all but one subject, BC, our 4AFC orientation discrimination task was contrast (i.e. detection) limited.
In summary, our results suggest three primary conclusions:
First, sampling considerations have limited applicability for understanding the loss of visual performance in strabismic amblyopia which is believed to extend over the whole spatial frequency range (Hess & Holliday, 1992; Demanins & Hess, 1996; Hess et al., 1999) . Sampling considerations in strabismic amblyopia are limited to a narrow spatial frequency range just within their detection acuity limit. Second, strabismic amblyopes do not exhibit unitary behavior within this range. Third, unlike the normal periphery (Wang, 1996) , within the narrow spatial frequency range amenable to sampling considerations, irregular sampling rather than spatial undersampling, appears to underlie the amblyopic deficit in most strabismic amblyopes.
